Purpose: The aim of this study was to analyze the influence of different lens care systems in surface roughness and refractive index (RI) of contact lenses (CL). This information provides us with a better understanding of how care solutions affect CL materials. Methods: Several CL and three commercially available and appropriate lens care solutions were used (two polyhexamethylene biguanide and one hydrogen peroxide care systems). Lenses were immersed in the lens care systems, and then measurements with CLR 12-70 digital automated refractometer and atomic force microscopy analysis on Tapping mode were recorded. The measurements were performed before and after the lenses were immersed in each care solution. Results: Significant changes were observed on the CL materials when exposed to lens care systems. All the materials changed, to a greater or lesser extent, their roughness and RI, after being immersed in the different solutions. The water content varied between 0% (Nelfilcon A in ReNu Multiplus, Senofilcon A in AOSEPT Plus, and Methafilcon A in Solocare Aqua) and 4.1% (Hilafilcon B in Solocare Aqua) The higher change in roughness was obtained with ReNu Multiplus in the lens Comfilcon A (with an increase of 27.2 nm) and Senofilcon A (with an increase of 16.7 nm). Conclusion: This study suggests that lens care systems play an important role in surface roughness and RI of CL.
H ydrogel contact lenses (CL) are the most widely prescribed form of CL around the world. 1 These lenses are also known as "soft" because the lenses are made from water-swollen, crosslinked hydrophilic polymers. 2 The impact of lens selection in comfort and ocular surface health must reflect the lens design, surface characteristics, modulus, fit, oxygen transmissibility, and water content (WC). Presently, an additional factor that must be considered is the lens care regimen. Contact lens disinfection is indispensable in healthy CL wear. The lack of hygiene standards may result in CL-related complications, such as microbial keratitis. [3] [4] [5] Every disinfecting solution contains a preservative and a buffer, and some can include other components such as surfactants, chelating agents, and lubricationenhancing agents. The arrangement of these agents controls the physical properties of the solution, which can influence patient comfort. With the introduction of silicone-hydrogel (Si-Hy) CL, several studies have reported increased levels of ocular surface reactions associated with lens care solutions. [6] [7] [8] [9] [10] The development of current multipurpose solutions (MPS) was determined by adding preservatives based on polyhexamethylene biguanide (PHMB) or polyquaternium 1. However, several CL care systems have shown an increase in ocular surface reaction and symptoms when combined with certain CL, 9, 11, 12 which can be critical for bacterial infections. This is also correct for some of the Si-Hy materials that, in combination with a variety of multipurpose lens care solutions, provide an increase in corneal response, [13] [14] [15] [16] mainly corneal staining. 17, 18 There are several combinations of Si-Hy and MPS, and it is possible that some of these combinations are more biocompatible than others. 19 Techniques have been used to investigate the cause of this solution-related staining; it was found that it is because of absorption of the solution in the lens matrix and then its slow release into the eye. 20, 21 However, little work has been published relating to the impact and influence of the lens care solution on the CL material properties. A recent study has shown that some combinations result in significant changes in the modulus. 22 Just as hydrogel and Si-Hy CL vary from one to another, when the polymer chemistry and surface treatments are considered, the relationship between material properties and lens care solution, related changes can also differ.
However, considering that the CL surface is in direct contact with the cornea and conjunctiva, observation of roughness changes in the surface are an important factor to be addressed, because of the clinical implications, because the roughness of the surface is related to deposits forming and microorganism colonizing over that surface. 23, 24 Atomic force microscopy (AFM) was shown to be a powerful tool for studying the surface properties of hydrophilic CL material in aqueous environments, 25, 26 providing detailed information of the CL surface characteristics. The parameter generally used to quantify roughness is roughness average (R a ). 23, 26, 27 Roughness average represents the main height calculated over the entire measured length or area. This value describes the average deviation or arithmetic mean of the profile from the mean line. It seems to be the most informative and consistent parameter used to define this characteristic of the CL. It is believed that AFM analysis of the surface topography with a nanometric resolution may bring insight(s) to the influence of lens care solutions and thus contribute to the improvement of products for CL materials to achieve better biocompatibility.
Refractive index (RI) and equilibrium WC are closely linked in soft hydrophilic materials. As changes in RI may be a sign of changes in the WC of the CL materials, this observation may allow the evaluation of the CL ability to maintain their WC after having been immersed in different lens care systems. Also, polymer chemistry gives out many surface characteristics to be considered depending on the lens design and modality of wear. These measurements provide information on lens surfaces, and we are able to relate the changes that lens care products might have in clinical performance. This study specifically analyzes the interaction of different lens care systems in surface roughness and RI of new CL. We intend to understand how the care solutions can affect CL materials.
MATERIALS AND METHODS

Contact Lenses
Seven CL prepared by the same method of manufacture (castmolding), with different composition of monomers, WC, and surface treatment, were used in this study.
Three Si-Hy CL (Lotrafilcon A, Senofilcon A, and Comfilcon A) and one conventional hydrogel (Methafilcon A) were used in this study. Three daily disposable lenses were also included to analyze the differences in the behavior of such different materials (Hilafilcon B, Nelfilcon A, and Etafilcon A) in the presence of the disinfecting solutions. One sample of each lens material was analyzed. All of these Si-Hy CL belong to the Food and Drug Administration (FDA) group 1, with the WC varying from 43% to 48%, and the other materials present higher WC and belong to FDA group 2 (Nelfilcon A and Hilafilcon B) or 4 (Etafilcon A and Methafilcon A). Specifications of CL are shown in Table 1 .
Lens Care Systems
Three commercially available and appropriate lens care solutions were used: ReNu Multiplus (Bausch & Lomb, Rochester, NY), Solocare Aqua (CIBA Vision, Duluth, GA), both polyhexanide preserved disinfection MPS (containing varying percentages of PHMB), and AOSEPT Plus (CIBA Vision), which is a hydrogen peroxide care systems. The details of the solutions are described in Table 2 .
Lenses were immersed in the lens care systems for the same amount of time (.24 hours), and then measurements of RI and AFM analysis were recorded. In the case of the peroxide-based system, lenses were analyzed after the neutralization step. All tests were performed in a stable room temperature. The baseline values were obtained when the lenses were taken out of the original pack.
Atomic Force Microscopy Analysis
Contact lens surfaces topographic analysis was performed by AFM on Tapping mode before and after being immersed in each care solution, using Multimode Nanoscope 5 Tapping mode (Veeco/ Digital, Rochester, NY), with Tip Roc greater than 10 nm, and cantilever phosphorus-doped silicon. The main advantage of Tapping mode is the reduction of forces, which may lead to the damage of the structures being analyzed. 21 High-quality microtopography images were recorded randomly on four different CL surface locations to verify the reproducibility of the observed characteristics. These measurements were performed for each pair of CL solution. The mean roughness parameter R a and standard deviation were determined with the three most similar values. Roughness measurements were performed according to a reference area 5·5 mm, and the sample was analyzed in a liquid cell immersed in the same solution. The roughness measurements regarding R a were determined using the V720 (Nanoscope 720) software. 
Refractive Index
The CLR 12-70 digital automated refractometer (Index Instruments, Cambridge, United Kingdom) was used to directly measure the CL RI. This instrument measures RI by back reflection at 589 nm and provides direct RI reading with minimal influence of operator's subjectivity, displaying accurate and reproducible values of RI of CL. 28 The instrument was programmed to use a "continuous scan," which means that the instrument is constantly acquiring readings of RI, and the values are taken immediately as stability is reached. Its zero setting was checked before each initial use. The measurements were performed before and after the CL have been immersed in each care solution. The RI considered for each lens was the average of 5 consecutive measurements.
To obtain the WC from RI measurements made with CLR 12-70, we can use the following equation (equation 1).
Statistical Analyses
All data were analyzed using Statistical Package for Social Sciences (SPSS Version 19). The Kolmogorov-Smirnov test was used to evaluate the normality of the data distribution. The differences between initial and final values were compared using the t test or the nonparametric Wilcoxon signed rank test. For all hypotheses testing, P#0.05 was considered statistically significant.
RESULTS
Effect of Lens Care Product on Roughness and Surface Topography
New CL exhibited different topography and average roughness (R a ) with values ranging between 0.5460.04 nm and 13.9061.23 nm, as can be observed in Table 3 (baseline values).
Roughness average increased (to a greater or lesser extent) after being immersed in ReNu Multiplus and Solocare Aqua, whereas the roughness decreased or remained almost unchanged after CL immersion in AOSEPT Plus solution with the exception of the Lotrafilcon B (Table 3) . Figure 1 shows the comparison of the changes in R a (in nanomerer) versus lens care solutions. As can be seen, ReNu Multiplus induces greater changes in Si-Hy CL roughness than in the other materials, and Methafilcon A is the CL that performs better with the MPS tested, showing no significant differences in roughness between the measurements. Figures 2, 3 , and 4 show the AFM surface analyses of the CL under study, after having been immersed in the different CL solutions care for daily wear, conventional, and Si-Hy, respectively. Where microrelief maps are concerned, the new hydrogel CL, Hilafilcon B ( Fig. 2A) showed a granulated appearance, Etafilcon A ( Fig. 2A) and Nelfilcon A ( Fig. 2A) showed tiny bubbles on its surface, and Methafilcon A (Fig. 3A) showed a smooth surface with some bumps spread on its upper side. In Hilafilcon B, a greater difference in topography (Fig. 2D ) is visible as a result of the combination between this material and the Solocare Aqua. This coincides with the increase in roughness (Table 3) and also with the induced change in RI and WC (Table 4) .
Regarding the analysis of Nelfilcon A (Fig. 2) , a different appearance can be observed in all the combinations of CLsolution in comparison with the new lens. The roughness remained almost the same with ReNu but reduced significantly with AO-SEPT Plus and Solocare. Surface roughness of Etafilcon A is reduced when it is immersed in AOSEPT Plus and in Solocare, which can be observed in Figure 2C and D, respectively.
Regarding the surface topography of Methafilcon A (Fig. 3) , there are no significant changes with the exception of Figure 3C , which represents the combination with AOSEPT Plus solution. This behavior occurs both with a statistically significant increase in roughness and change in WC (registered a decrease of 3.6%).
Where the new Si-Hy materials are concerned, Comfilcon A has a surface with several tracks of different orientations 
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Surface Roughness and RI Changes in CL (Fig. 4A) , and Senofilcon A (Fig. 4A) shows a more regular and homogeneous structure confirming the roughness values. Lotrafilcon B (Fig. 4A ) exhibits typical structures with a pattern of numerous grooves with different orientations, and this topography could be related to the surface treatment. Figure 4 (B-D) refers to the combinations between the materials and the different lens care solution. The roughness measured, combining Comfilcon A with ReNu Multiplus, is several times higher than the baseline (Table 3 ), and it is also possible to observe this change in Figure 4B . Senofilcon A has a significant increase in roughness with ReNu Multiplus (Table 3 ) and a decrease with AOSEPT Plus when compared with the baseline value, which is observed in Figures 4B, and C, respectively.
Although Lotrafilcon B shows a better WC in combination with this material and ReNu Multiplus, the same does not apply to the change in roughness, where there is a significant increase and a notable change in its appearance (Fig. 4B) .
Effect of Lens Care Product on Refractive Index
As shown in Table 4 , significant changes were observed on the material RI when exposed to the lens care systems. Table 4 also shows the change in RI (Dn) obtained from the difference between the measurements in new CL (baseline) and with the different lens care solutions. By taking Dn in account and using equation 1, 29 we obtain the variation in WC (DH 2 O) for each combination care solution or material (Table 5) . Values in bold represent statistically significant differences (P#0.05) when compared with the initial value.
M
As every CL has a RI higher than the solution, an increment in the RI may be interpreted as a decrease in its WC and vice versa. Thus, a positive Dn means a decrease in WC. The inverse can also be applied, and therefore an increase in water contact can be observed. Figure 5 allows us to observe the mean differences in RI after CL have been immersed and analyzed by FDA groups 1, 2, and 4. As shown, the changes are not similar for the groups, as for all of the solutions, the group 4 as a reverse behavior. Lens belonging to this group (high WC and ionic) are more prone to changes when immersed in peroxide-based solution, and the other two groups (nonionic) behaved in the opposite way.
DISCUSSION
This study shows that the topography of CL surface reveals different characteristics according to the type of monomers and the lenses material. In particular, new CL exhibited different surface topography with typical structures. Depending on the type of CL, grooves of different orientations, homogeneous and smooth structures, and also granulated appearances can be observed. The surface of the different CL changes, to a greater or lesser extent, can be observed on the microrelief maps after having been immersed in the different solutions (Figs. 2, 3, and 4) . The topography of the surfaces revealed different characteristics when disinfected and preserved depending on the type of monomers presenting in the CL and the composition of the solutions. These interactions can be important to choose the most suitable lens care product for each lens material. Dalton et al 30 showed that soft CL solutions differ in certain physical properties, which can clinically influence patient comfort. The present study found that different solutions induce changes in the CL properties studied, thereby contributing to a better knowledge regarding the ocular surface reactions.
When combined with Si-Hy CL, certain care systems have been shown to increase the sensitivity to corneal staining reaction. 10, 13 Lievens et al. 31 analyzed whether MPS could solely contribute to adverse ocular surface effects by self-administering a solution directly in the eyes four times daily. The fact that no significant findings in corneal sodium fluorescein staining were observed between solutions gave the impression that corneal reaction cannot be associated to the solutions themselves. But interaction occurred between the lens material and solution. In our study, 17 from 21 (80.9%) lens-solution combinations showed a statistically significant change in RI from baseline (Table 4 ). This change can be represented as an increase or a decrease depending on the combination (Table 4) . For example, Hilafilcon B and Senofilcon A always increase RI (with Dn always positive), which may be interpreted as a decrease in WC. Although Hilafilcon B is a daily replacement lens, if it was combined with Solocare Aqua, with a probable decrease of 4.1% in WC (Table 5) , its clinical (Table 4 ). This behavior may be related with the ionicity of the CL materials and the lens-solutions composition. It is expected that CL belonging to group 4 (ionic material) may be more sensitive to lens-solutions composition (e.g., surfactants, chelating agents, preservatives, and buffers) 30 because of the electrostatic interactions between the negative surface charge of CL and the charged agents present in the solution.
Lens care systems are multifaceted with a large variety of components, which aim to maximize disinfecting effects, which also enhances in-eye lens performance (Table 2 ). When recommending a lens care system, the capacity to maintain the WC can be a clinically important factor.
Although Young et al. 22 found that exposure to the peroxide solution resulted in statistically significant increase in modulus, in our study, AOSEPT Plus was the solution that induced less changes in the RI of all CL studied, with the exception of Etafilcon A and Methafilcon A. Once again, this behavior may be explained by the ionic character of these CL materials. The Si-Hy lenses, Comfilcon A, and Senofilcon A have the lowest changes both in RI and roughness with AOSEPT Plus (Tables 3 and 4) . The availability of hydrogen peroxide-based disinfection systems, which have a good effect on antimicrobial activity, reduce changes in the surface and the matrix properties and seem to be a good alternative to MPS. Additionally, Carnt et al. 14 have reported the lowest incidence of corneal infiltrative events and solution-induced corneal staining with hydrogen peroxide.
14,17 Andrasko 32 also shows a low incidence of corneal staining with Si-Hy and Clear Care.
When combined with hydrogel lens, especially group 2, care systems that contain preservatives based on PHMB have been shown to generate an increase of incidents of ocular surface response. 9, 12 We found that the lens that belongs to this group presented the highest changes in roughness with the MPS based in PHMB compared with the peroxide-based one. In Table 3 , we can see that Hilafilcon B change from 2.4760.23 nm to 7.7460.24 nm with ReNu Multiplus and to 15.261.9 nm with Solocare Aqua and remains almost the same when combined with AOSEPT Plus (2.8260.68 nm), which is one of the causes of the ocular response. The group 1 lens used in our study (Comfilcon A, Senofilcon A, and Lotrafilcon B) presented the greatest increase in roughness with ReNu Multiplus. In group 4, we could not follow a specific way because one of the lens (Methafilcon A) did not have any important change with any of the solutions, and the other lens (Etafilcon A) showed an increase when combined with both ReNu Multiplus and AOSEPT Plus and a decrease in roughness with Solocare Aqua.
Several studies have been shown diverse responses between different FDA groups. [33] [34] [35] In this study, it is also possible to observe differences in the behavior of FDA groups (Fig. 5) , and it is clear that lens from group 4 present opposite results when compared with groups 1 and 2. From the study of Dalton et al., 30 the physical properties of the solutions used in this study may explain the changes in RI (WC) and changes in roughness observed for the CL from group 1 and 2 (nonionic materials) and group 4 (ionic materials). We can conclude that there is a link between ionicity of the material and its reaction with the type of solution.
CONCLUSION
This study suggests that lens care systems play an important role in changes of surface roughness and RI of CL. The peroxide-based care system AOSEPT Plus seems, among the studied proposals, to be the solution that induces fewer changes in the materials. Regarding surface roughness, all the solutions perform well in the planned replacement hydroxyethyl methacrylate-based material, suggesting that all of the solutions are appropriate for these materials. Other studies are being carried out to analyze other properties changes in CL materials to improve our knowledge of CL biocompatibility and lens care solutions to predict their effects on the ocular surface.
